We study the five dimensional SU(3) c × SU(3) L × U(1) X gauge theory (3-3-1 Model) in which the gauge symmetry is broken down through orbifold compactification to four dimensions. The new model has several distinguishing features compared to the usual four dimensional model. We develop the formalism, and give expressions for the gauge boson masses, mixings and their couplings to the fermions. Phenomenology of the model is briefly studied.
Introduction
The Standard Model (SM) in four dimensions has been well established as an effective theory below the weak scale. There have been many attempts to go beyond the SM. One attempt is the extension of the gauge group, while the other being the extension of the number of dimensions beyond the usual four space-time as motivated by the string theory.
In four dimensions, as an extension of the gauge group, models of SU(3) × SU(3) L × U(1) X (3-3-1 model) were suggested [1] . The models include extra gauge bosons, which are called bilepton gauge bosons. The gauge bosons couple to two leptons, and thus, they have two units of lepton number. The interesting feature of this model is that the anomaly is not canceled within each generation, and that the anomaly is canceled among the three generations. Thus, this model gives an explanation why the number of generation is 3.
Unlike other extended models, the breaking scale of the SU(3) L × U(1) X have an upper bound about a few TeV due to the matching condition of the gauge coupling constants.
Hence, it is very interesting to investigate the phenomenology of this model and to explore if the extra gauge bosons can be discovered (or ruled out) in the future high energy colliders such as LHC.
Recent realization that the string scale may be much smaller than the Planck scale, even as low as few tens of TeV, has inspired study of gauge symmetry in higher dimensions with the subsequent compactification to four dimension [2, 3] . Standard Model and its minimal supersymmetric extension has been formulated in five dimensions with compactification at an inverse TeV scale and their phenomenological consequences have been explored [4, 5] . In these studies, the usual Higgs mechanism has been used to break the gauge symmetry.
Compactification of this higher dimensional theory to four dimensions using a suitable manifold or orbifold, and choice of suitable boundary conditions, opens up a new mechanism for breaking gauge symmetry [6] , an interesting alternative to the usual Higgs mechanism. A symmetry breaking occurs when the different components in a multiplet of the gauge group G is assigned different quantum number for the discrete symmetry group of the compactifying orbifold [7] . Such orbifold breaking of SU(5) and SO(10) Grand Unified Theories (GUT) and their implications as well as the symmetry breaking patterns of various group under orbifold compactifications have been studied [8, 9] . In these studies, orbifold compactifications have been used to break the GUT symmetry to the SM. Orbifold compactification has also been used to break left-right gauge symmetry group giving rise to interesting phenomenological implications [10] .
In this work, we study the SU(3) L × U(1) X gauge theories in five dimension. The gauge
orbifold. This is one of the minimal application of the orbifold breaking of a realistic gauge model. The next stage of symmetry breaking to the SM, SU(2) L × U(1) Y is achieved by using usual Higgs mechanism. We assume the gauge and the Higgs bosons propagate into the extra dimensions, while for the fermions we consider two cases: they can propagate into the bulk or they are localized at the 4 dimensional wall (3-brane). There are several interesting differences with the usual four dimensional 3-3-1 model. In the usual 4 dimensional 3-3-1 models, gauge coupling for U(1) X blows up around [3] [4] TeV, thus we need some new physics around such scale. The scheme of the TeV scale extra dimension is well compatible to such situation, since the theory becomes five dimensional beyond this scale. In the same way to the usual 4 dimensional 3-3-1 models, we find that the compactification scale has an upper bound around 3-4 TeV. Thus, these new gauge bosons as well as their KK excitations can be explored at the upcoming LHC.
2 Formalism: Orbifold breaking of 3-3-1 gauge symmetry
We start with the 5-dimensional (x µ , y) gauge theory SU(3) L × U(1) X with coupling g, g X .
The fifth space-like dimensional coordinate y is compactified in an orbifold Using the orbifold compactification, we break the gauge symmetry to SU(2) L × U(1) X ′ × U(1) X . We impose the following transformation property for the five dimensional SU(3) L gauge fields under
Note that the five dimensional Lagrangian is invariant under the above transformations. We
. For the U(1) X and SU (3) c gauge fields, we choose the P and P ′ to be identity matrix, so that U(1) X and SU (3) c gauge symmetries remain unbroken.
The five dimensional SU(3) L gauge filed W can be written as
Then, we find that the gauge fields have following parities under
The above five dimensional fields can be Fourier expanded as
We find the four dimensional fields ϕ We break the remaining symmetry to the SM gauge symmetry, SU(2) L ×U(1) Y , by using the Higgs mechanism. The SM gauge symmetry is also broken down to U(1) EM by Higgs mechanism as usual. The appropriate Higgs multiplets for this scenario are Φ : (1, 3, 1) , ∆ : (1, 3, 0) 
where the quantum numbers in parenthesis refer to
We define their transformation property under
The SU(3) L triplets and sextet are decomposed to
and 6 = (3, 2) + (2, −1) + (1, −4). The decomposed fields have the following
transformation property:
where the suffix denotes SU(2) L representations. Thus, while Φ 2 = (φ ++ , φ + ) doublet acquires a KK mass of O(1/R), Φ 1 = φ 0 (which electric charge is zero) have a massless mode, and thus can be assigned a vacuum expectation value (VEV) (we call its VEV u) to break the remaining gauge symmetry down to SM gauge symmetry. All the SU(2) L doublets is chosen to have VEVs in order to break SM gauge group and to give appropriate masses to fermions. If we denote the VEVs of neutral component of SU(2) L doublets, ∆ 2 , ∆ ′ 2 and η 2 as v, v ′ and w respectively, the scale of the VEVs are assumed to be
The sextet η is necessary in order to obtain acceptable masses for charged lepton in the case electron, positron and left-handed neutrino is in one SU(3) L triplet. The VEV in the neutral component of η 3 gives a large majorana mass to left-handed neutrino, so that the VEV should be zero or extremely small. In the four dimensional theory, a fine tuning in the Higgs potential is needed to achieve this. In our model, if we choose the doublet η 2 has a massless mode, η 3 automatically does not have a massless mode, and thus its neutral component will not have a VEV. This is a very nice feature of our orbifold breaking scenario.
Gauge Boson Masses
The Frampton-Pleitez type 3-3-1 models have an upper bound for extra gauge bosons due to the evolution of gauge couplings. To see that, we first study matching condition of gauge couplings.
The SU(3) L gauge symmetry is broken down to SU(2) L × U(1) X ′ by orbifold compactification. The VEV of Higgs Φ breaks remaining U(1) X ′ × U(1) X symmetry down to U(1) Y symmetry. Then, the hypercharge is defined as
and electric charge Q is defined as
Here T a is the SU(3) L generator normalized as Tr (T a T b ) = 1/2 δ ab , and I = diag(1, 1, 1).
We define the covariant derivative for SU(3) L triplets as
The W a µ and V µ are the SU(3) L × U(1) X gauge fields. At this normalization, the coupling constant of U(1) Y , g Y , is given as
where g X ′ is a coupling constant for U(1) X ′ . At the unification scale for SU(3) L , we have the unification condition
Since the SU(3) L gauge symmetry is broken on the brane at y = πR/2 in our model, we can add the brane gauge interaction which breaks the unification condition of gauge couplings.
However, we can neglect the correction of brane interaction if the cutoff scale is much larger than compactification scale [9] . From this matching condition, we obtain the relation at the compactification scale M c , g
where the weak mixing angle is defined as tan θ W = g Y /g. Therefore, sin 2 θ W (M c ) has to be less than 1/4. This constraint sin 2 θ W (M c ) < 1/4 demands an upper bound of the compactification scale. If we demands that the gauge coupling g X at M c is less than N, we obtain the constraint as 
For neutral gauge bosons, we can identify the photon field γ and the massive bosons Z and Z ′ as follows.
In this basis, the mass squared matrix for Z (n) and Z
with
The mass eigenstates Z 1 and Z 2 are
where the mixing angle φ is given by
Fermions
In our model, the SU(3) L gauge symmetry in five dimension is broken by the boundary conditions. At the boundary, y = πR/2, the five dimensional gauge fields Y ± and Y ±± vanish. Thus, the orbifold fixed point y = πR/2 does not respect the SU(3) L symmetry.
When we include the fermions in the theory, we have two choices: the fermions can propagate into the bulk or they are localized at the 4D wall orbifold fixed points.
We show two different anomaly-free fermion representations. The first anomaly free fermion contents are following [1] .
where a = 1, 2, 3 is a family index and i = 1, 2 is related to two of the three families.
The D i and T are additional quark which have exotic electric charges, −4/3 and 5/3, respectively. In this model, the anomaly is not canceled within each generation, but canceled among three generations by choosing that two of the three generations are (3, 3, −1/3) and the other one generation is (3, 3 * , 2/3). There is an ambiguity which generation we assign the (3, 3 * , 2/3) to.
Since both electron and positron are in the same SU(3) L triplet, we need Higgs sextet to
give the physically acceptable masses to charged leptons: otherwise the mass matrix becomes anti-symmetric giving rise to m e = 0 and m µ = m τ . We can consider other assignment for positron, that is, the positron is additional SU(3) L singlet (1, 1, 1) and e c component in the triplet ℓ get large by adding E : (1, 1, −1) . At this choice, we denote the multiplets as
We can have another type of anomaly-free fermion set. 
Only (e, ν) L has zero mode. We have to have one more lepton triplet such as
and there is a positron in the triplet. Since electron and positron are in the different multiplet in this case, we don't need Higgs sextet to construct a phenomenological viable charged lepton mass matrix.
For the quark fields, we also need to make them doubled in the same way in order to cancel the brane-localized chiral anomaly [11] .
The most interesting feature of the bulk-fermion case, the lightest KK particles (LKP) become a candidate of dark matter, since the LKP become stable if all the particles are bulk fields.
Phenomenological Implications
In original To see that, we first write out the interaction of Z ′ boson and fermions. The gauge interaction is given as
The coupling coefficients are given as
The Z ′ coupling to the fermion with non-zero X charge is enhanced since the weak mixing angle is close to 1/4.
In fact, experimental data for forward-backward asymmetry A (0,b) F B and atomic parity violation have more than 2σ discrepancy compared with SM prediction. If we assign the X charge of lepton multiplets to be zero, those predictions might be adjusted without changing the leptonic experimental data much.
We first concentrate our discussion to atomic parity violation. The value of the atomic are included in one SU(3) L triplet ℓ. In that case, we need the sextet Higgs, η, to give phenomenologically viable mass matrix of charged lepton. Then the Yukawa coupling ℓℓη contains the majorana mass of neutrino, if the SU(2) L triplet in η acquire VEV. Thus, we have to choose the Higgs potential to prohibit the unwanted VEV. Orbifold compactification gives mass of 1/R to the SU(2) L triplet component naturally, if the sextet η is a bulk Higgs.
Finally, phenomenological point of view, the mass of extra neutral gauge boson Z ′ can be lower than 1 TeV in the orbifold breaking scenario. If the gauge symmetry SU(3) L × U(1) X is directly broken to SM gauge group, there is a rigid relation between the mass of bilepton gauge bosons and extra neutral gauge boson. We have a constraint for the mass of bileptons from muon decay or other experiments, which then lead to a constraint that the mass of Z ′ should be larger than 1.3 TeV. However, in the orbifold breaking scenario, we have two independent brekaing scale, that is compactification scale and the VEV of triplet Higgs, and thus, there is no relation between mass of the bileptons and Z ′ . In that case, the mass of Z ′ can be lower than 1 TeV, and is likely to be observed at the high energy collider such as Tevatron Run2 or LHC. Such a Z ′ can also contribute the low energy neutral current experiments. In fact, this model gives interesting contribution to the atomic parity violation and nucleon-neutrino scattering.
